The actin cytoskeleton of non-muscle cells is essential for cellular structure and subcellular organization, and the dynamic regulation of actin assembly and disassembly is a prerequisite for motility. Pioneering work using Dictyostelium discoideum focused on the biochemical analysis of non-muscle actin, the identification of actin-regulating proteins and their specific functions during processes like cell migration, cytokinesis, phagocytosis, and morphogenesis. Although subsequent work in higher eukaryotes revealed that the processes regulating actin dynamics are often much more complex, results obtained by using Dictyostelium have been of fundamental importance because they have contributed significantly to our understanding of the actin cytoskeleton in higher eukaryotes. Dictyostelium is an accepted model system for studying fast moving cells, because the single cells of the organism share many similarities with cells of the immune system such as human neutrophils. Here we provide a brief overview on the milestones of research of the actin cytoskeleton taking advantage of Dictyostelium. Furthermore, we summarize how actin structures and cytoskeletal dynamics at different stages of development have been visualized, and give an overview on the current focus of research. In addition, we discuss results showing actin assembly states during phases of cellular stress and how stress-induced actin assembly states may contribute to our understanding of certain diseases.
Introduction
Actin is one of the most abundant and most highly conserved proteins in eukaryotic cells, and essential for a variety of cellular processes including motility, cell division, intracellular movement, growth, differentiation, and mechanic stability. To fulfil all these different functions, actin forms a variety of dynamically regulated structures in eukaryotic cells such as plasma-membrane associated cortical networks, lamellipodia, pseudopodia, filopodia, phagocytic cups, podosomes, ruffles, microvilli, Golgi-and endosome-associated actin layers, stress fibers, microfibers, and contractile bundles (Chhabra and Higgs, 2007) .
The first description of an actin-like protein in Dictyostelium discoideum was published in 1972 (Woolley, 1972) only shortly after the detection of actomyosin in Acanthamoeba castellanii (Pollard et al., 1970) and Physarum polycephalum (Nachmias and Ingram, 1970) . Subsequent work demonstrated quite soon that the proteins responsible for the molecular basis of muscle to explore and visualize details of actin arrangements inside cells (Lazarides and Weber, 1974) . This pioneering work was followed by numerous studies that described the biochemical properties of non-muscle actin. From the mid 1980s on, the focus of interest turned more and more to the identification of proteins that interact with actin and thus regulate actin functions. Work using Dictyostelium was often ground-breaking as proteins, such as for instance coronin (de Hostos et al., 1991) , were either first identified or functionally analysed using the organism. Work over the years showed that Dictyostelium is a valuable model to study the principles of actin cytoskeleton dynamics and the motile behaviour of fast moving cells. In the past, a number of excellent reviews have been published discussing various aspects of these studies. Here, we give a brief overview of actin cytoskeleton research and the assembly states of actin in Dictyostelium illustrated by examples from different developmental stages, and summarize current research topics.
Isolation and characterization of actin-binding proteins in Dictyostelium
Actin serves both as a structural and as a force-generating protein. Inside cells, there is a dynamic equilibrium of monomeric actin (G-actin) sequestered by monomer-binding proteins like profilin, and filamentous actin (F-actin). Monomeric actin contains one nucleotide and can exist either in the ATP, ADP-Pi or ADP form. The assembly and disassembly of actin filaments is critically dependent upon the concentration of actin monomers, and the ionic conditions. Concentrations for actin assembly also vary as actin filaments themselves show a polarity and have different critical concentrations for polymerization on either end. The ATP-dependent dynamic turnover of actin has been described as 'actin-treadmilling'. In addition, the assembly of monomeric actin into filaments as well as the disassembly of filamentous actin comprises a whole arsenal of actin-binding and actin-regulatory proteins with different functionalities (Pollard and Borisy, 2003) . In the past three decades, a vast number of these proteins that regulate actin assembly by their nucleating, sequestering, and crosslinking functions have been identified and characterized.
A plethora of studies analysed the functions of actin-binding proteins at the biochemical, molecular and cell biological level. The number of research papers reporting new data on the Dictyostelium actin cytoskeleton raised continuously from the late 1980s, and peaked between 1999 and 2005. Here, we give only a brief overview of the most important results of the early pioneering work with an admittedly personal view, whereas subsequent work is not considered in detail.
Among the first actin-binding proteins identified in Dictyostelium have been the actin-crosslinking proteins a-actinin (Condeelis et al., 1984 , Witke et al., 1986 and filamin (120-kDa protein, ABP120, gelation factor) (Condeelis et al., 1984 , and the actin-bundling protein ABP34 (Fechheimer, 1987, Fechheimer and Taylor, 1984) . The characterization of the actin-binding domains in these proteins contributed to the understanding of more complex human proteins such as for instance dystrophin as well as dystrophin-related disorders (Koenig et al., 1988) . Other important actin-binding proteins that were identified in the early phase of actin cytoskeleton research were the gelsolin-related actin-severing protein severin (Yamamoto et al., 1982) , capping proteins (Hartmann et al., 1989) , coronin (de Hostos et al., 1991) , profilins (Haugwitz et al., 1991) , the actin-depolymerizing factor cofilin (Aizawa et al., 1995) , and talin A (Kreitmeier et al., 1995) . The listing of all actin-binding proteins identified would go beyond the scope of this review.
The next phase of actin cytoskeleton research using Dictyostelium was followed by studies that led to the identification of important regulators that link signaling pathways and cytoskeletal activities. The best-investigated actin nucleator is the Arp2/3 complex, which is crucial for branch-forming of actin filaments (Insall et al., 2001 , Machesky et al., 1994 . Among the proteins activating the Arp2/3 complex is SCAR (suppressor of cAR), which was first identified in Dictyostelium (Bear et al., 1998) , and later on in many other eukaryotes. SCAR is a WASP (Wiskott-Aldrich syndrome protein)-family protein, and subsequent work has shown that it is crucial for the activation of actin nucleation by the Arp2/3 complex (Machesky et al., 1999) . The WASP family can be divided into different subfamilies: WASPs, SCAR/WAVEs, and WASH, all activating the Arp2/3 complex (Veltman and Insall, 2010) . The SCAR/WAVE complex is composed of five proteins (Pir121/Sra1, Nap1, SCAR/WAVE1-3, Abi1-3, and HSPC300) (Pollitt and Insall, 2009) , and activated by Rac to regulate the actin nucleating activity of the Arp2/3 complex. Another important class of actin nucleators are the formins comprising ten different and functional distinct proteins in Dictyostelium (Litschko et al., 2019 , Rivero et al., 2005 , Schirenbeck et al., 2005 .
Only few actin-binding proteins turned out to be specific for Dictyostelium, like the membrane-associated hisactophilins (Scheel et al., 1989) , or much less widely distributed like the actin-bundling cortexillins (Faix et al., 1996) .
Parallel to the identification and biochemical characterization, the newly identified actin-binding proteins were analysed functionally. It became more and more obvious that actin-binding proteins are effectors of signaling cascades and serve as coordinators of cellular functions, and thus research focused increasingly on proteins involved in signaling to the actin cytoskeleton. Technical advances enabled the generation of gene replacement mutants in Dictyostelium within a few weeks (Noegel and Schleicher, 2000) . The analysis of knockout phenotypes was usually complemented by localization studies of the cytoskeletal protein in question. Improvements of immunofluorescence techniques, and even more importantly the development of the GFP-technology enabled researchers to follow the distribution of cytoskeletal proteins in live cells (Gerisch and Müller-Taubenberger, 2003) .
The first complete overview on the repertoire of actin and actin-binding proteins in D. discoideum became available after sequencing of the genome (Eichinger et al., 2005) . A more detailed analysis of the Dictyostelium actinome revealed 25 actins and actin-related proteins encoded by 41 genes that were identified according to their actin sequence profile (Joseph et al., 2008) . 17 conventional actins can be distinguished that share high homologies to conventional actin, but are different in their protein sequences. The conventional actins encoded by the Act8-group share identical amino acid sequences, but are encoded by 17 distinct genes. More than 95% of the D. discoideum actin is encoded by genes of the Act8-group. Eight members of the actinome are conserved actin-related proteins.
Dictyostelium -a model for fast migrating cells
Chemotaxis is the guided movement of cells in chemical gradients, and constitutes an evolutionarily old mechanism. D. discoideum amoebae find their bacterial prey by chemotaxis towards compounds released by the bacteria. When food becomes rare, Dictyostelium cells differentiate and aggregate to form a multicellular organism. At this stage of the developmental cycle, cAMP released by starving D. discoideum cells themselves, serves as the chemotactic signal for directed migration towards an aggregation center (Gerisch, 1982 , Konijn et al., 1969 . These findings formed the basis for using D. discoideum for detailed studies of signaling pathways linked to chemoattractant receptors (Manahan et al., 2004) .
Since Dictyostelium shares many characteristics with human neutrophils, it is utilized as an easily accessible model to study the principles of directed migration (Artemenko et al., 2014, Devreotes and Zigmond, 1988) . Actin and its dynamic regulation are essential for all mechanisms underlying these changes and are critically involved in the establishment of polarity. Since the main prototypes of actin-binding proteins and their regulatory elements are present, results obtained with Dictyostelium have been exploited to understand the motile behaviour of immune cells (Insall, 2013 , Kay et al., 2008 . Furthermore, Dictyostelium has been used as a host for cell response studies upon infections with diverse pathogenic microorganisms like Pseudomonas aeruginosa, Cryptococcus neoformans, Mycobacterium spp., or Legionella pneumophila (Dunn et al., 2017) . For these reasons, Dictyostelium also became a valuable model system for biomedical research (Frej et al., 2017 .
Directional cell migration and the establishment of polarity play an important role in immune responses, wound healing, defense mechanisms and development. These processes require a complex cellular behavior that results from coordinated changes in the cytoskeleton and the controlled formation and dispersal of cell-substrate adhesion sites. It is without question that the actin system provides the driving force at the cell front, and other proteins are responsible for contraction at the rear as for instance non-muscle myosin-II. Many studies have dealt with these processes and have explored the mechanisms that underlie chemoattractant signaling (see Pal et al., this issue) and the establishment of polarity (shown in Fig. 1 ).
Visualization of actin in Dictyostelium cells
Until the mid-1990s, visualization of actin and actin-binding proteins was only possible either by immunofluorescence labeling combined with fluorescence microscopy or by electron microscopy employing fixed specimen. The range of methods has been greatly expanded by the availability of the GFP-technology applied to actin (Westphal et al., 1997) and actin-associated proteins (Gerisch and Müller-Taubenberger, 2003) . Dictyostelium served as 'pioneer' to test fluorescently labeled probes for the analysis of live-cell dynamics in particular in studies exploring the mechanisms of cytoskeletal rearrangements. One of the first proteins that was labeled by GFP and analyzed in vivo was During directed migration, F-actin labeled by mRFP-LimED (red) is continuously polymerized at the leading edge. The p21-related kinase pakA (Müller-Taubenberger et al., 2002) , visualized by expression of GFP-pakA (green), re-distributes to the rear of the cell where it regulates myosin-II. Images were recorded using a confocal microscope (Zeiss LSM 510). Scale bar,10 mm. (Maniak et al., 1995) . Coronin was shown to be crucially important for phagocytosis, and later on to mediate depolymerization of filamentous actin.
Today, a whole palette of fluorescent proteins is available that can be combined with specific probes for actin to visualize the actin filament system and cytoskeletal dynamics at high temporal and spatial resolution in live Dictyostelium cells (Müller-Taubenberger, 2006, Müller-Taubenberger and Ishikawa-Ankerhold, 2013) . In addition, the improvement of microscopes and different microscopic techniques to explore cells expressing multiple fluorescently labeled markers enabled high-resolution insights into live cells (Müller-Taubenberger and Anderson, 2007) . Different protein probes tagged with fluorescent proteins (FP) have been used to visualize filamentous actin in Dictyostelium cells. Among the markers that have been used are the FP-tagged actin-binding domain of Dictyostelium filamin (ABD120). The best markers proved to be FP-tagged LimED (Fischer et al., 2004) and FP-tagged Lifeact (Müller-Taubenberger and Ishikawa-Ankerhold, 2013, Riedl et al., 2008) . However, different fluorescent proteins tagged to marker proteins show small variations in the labeling capacity (our own observations), and the different fusion proteins did not label all F-actin of cells to the same extent (Lemieux et al., 2014) . The FP used for visualization changes the subset of F-actin labeled by an F-actin probe, and the linker used between the FP and an actin-binding domain can similarly alter the subset of F-actin recognized in vivo (Lemieux et al., 2014) .
In addition, the use of new techniques and more powerful microscopes has allowed for significant improvements in resolution and signal-to-noise ratios. Total internal reflection fluorescence (TIRF) microscopy is a fluorescence technique that selectively excites fluorescently labeled structures within an evanescent field extending only about 150 nm from the substrate into the substrate-near surface of the cell. In D. discoideum cells, the membrane-anchored actin filament network has a thickness of 100-200 nm, and thus almost its entire structure is amenable to visualization by TIRF. Therefore, TIRF microscopy is an excellent tool to analyze the actin organization close to the substrate- (Jasnin et al., 2019) . Views of the front of a wave propagating into an external area (A) and of the back of a wave leaving behind an inner territory (B). Filament orientation relative to the membrane is color-coded using the map displayed on the right in (B). A box indicates the volume occupied by the network. The figure was kindly provided by Marion Jasnin (MPI for Biochemistry, Martinsried). Fig. 3 . Actin wave formation on the cytoplasmic face to the substrateattached membrane of a large cell of D. discoideum. Actin assemblies similar to those driving the protrusion of a leading edge are freely formed at the inner face of the plasma membrane at the base of the cells. These primordia represent an activated state of the actin system that enables the cells to respond within seconds to local stimuli. The cell was produced by electric-pulse induced fusion of single cells (Lange et al., 2016) , and expressed mRFP-LimED as a label for filamentous actin (red) and GFP-PHcrac as a marker for PIP3 (green). The confocal image (Zeiss LSM 780) shows that actin waves subdivide the membrane into distinct domains: in PIP3-rich inner territories circumscribed by a wave, and in the external area depleted of PIP3. Bar, 10 mm. The dynamic view of the cell displayed in the figure is shown in Movie 2. The figure was kindly provided by Günther Gerisch and Mary Ecke (MPI for Biochemistry, Martinsried) .
attached surface of Dictyostelium cells. Imaging by TIRF microscopy in combination with a marker for filamentous actin, GFP-LimED, enabled for the first time hitherto unresolved details of actin structures close to the substratum (Bretschneider et al., 2004 ) (see Fig. 2 , and Supp. Movies 1 A,B). The rapidly restructured network of actin filaments provides a scaffold for the assembly of differentiated actin complexes, such as temporarily existing actin foci and traveling waves.
Another technique that has been applied to Dictyostelium cells was cryo-electron tomography (cryo-ET). The use of cryo-ET enabled to image the network of actin filaments in unfixed and non-extracted cells and to measure the geometry of actin in its natural environment using vitrified specimens (Medalia et 
B
A Actin assembly in Dictyostelium 421 al., 2002) . Further improvements of cryo-ET revealed totally new and stunning views of the arrangement of actin filaments in highly dynamic filopodia of Dictyostelium amoebae (Medalia et al., 2007) .
Current hot topics in actin cytoskeleton research using Dictyostelium as a model

Actin waves
Traveling actin waves are waves of polymerized actin filaments and associated proteins that propagate along the substrateattached surface (Bretschneider et al., 2009) (Fig. 3, and Supp. Movie 2). These supramolecular structures have been first described by confocal microscopy studies (Vicker, 2002) , and were more clearly visualized by TIRF microscopy (Bretschneider et al., 2009 , Bretschneider et al., 2004 . In addition to Dictyostelium cells, actin waves have been seen in many different motile cells such as leukocytes, fibroblasts, melanoma cells, osteosarcoma cells, keratocytes and neurons (Inagaki and Katsuno, 2017) . There is increasing evidence that actin waves contribute to cellular polarization, migration, cell protrusion and intracellular transport. Actin wave propagation in Dictyostelium cells is linked to changes in membrane phosphoinositides and certain actin-associated proteins , specifically to patterns of PIP3 and the PIP3-phosphatase PTEN (phosphatase tensin homolog) (Arai et al., 2010 , Gerisch et al., 2012 .
A recent in situ cryo-ET study has beautifully elucidated the native architecture of traveling actin waves in Dictyostelium cells (Jasnin et al., 2019) (Fig. 4) , showing that actin waves comprise tent-like arrays of actin filaments within a horizontal actin meshwork. The quantitative analysis of branch orientation provides evidence that waves progress by de novo actin nucleation (Jasnin et al., 2019) . This study complements earlier cryo-ET work on actin structures in cell protrusions using cryo-correlative light and electron microscopy (Jasnin et al., 2016) .
Amoeboid movement: pseudopod formation vs. blebbing
In the field of migration research Dictyostelium often played a pioneering role compared to leukocytes. However, the surprising finding that integrins are not essential for the migration of neutrophils in the interstitial space (Lämmermann et al., 2008) led to the suggestion of a new concept in amoeboid movement. When lacking integrins, neutrophils switch from a pseudopod-driven mode of migration depending on actin-network expansion to a rowing-type of movement that is now known as blebbing. Blebs are rounded projections of the plasma-membrane driven by hydrostatic pressure caused by contraction of the cell cortex, which are detached from the underlying actin cortex. Interestingly enough, the formation of blebs had already been described for Dictyostelium cells (Yoshida and Soldati, 2006) , but its significance as an alternative mode of migration was not immediately recognized to its full extent. Only more recent work elucidated blebbing as an alternative mechanism for Dictyostelium cells to navigate in confined environments with high mechanical resistance .
Macropinocytosis and autophagy
Phagocytosis, the engulfment of particles by structures formed by the plasma membrane and the underlying cortex, was for a long time the major uptake mechanism that was investigated in addition to clathrin-mediated endocytosis. This has changed recently, since it became obvious that macropinocytosis -the non-specific uptake of fluid by cells -is not only a way to take up nutrients in Dictyostelium cells ( Fig. 5 , and Supp. Movie 3), but can be also observed in dendritic cells and some cancer cells. Macropinocytosis seems to be an evolutionarily old mechanism for nutrition and is now intensely investigated using the Dictyostelium model (see Kay et al., this issue) . Autophagy is a process related to phagocytosis, but involved in the degradation of intracellular structures. It is also based on actin cytoskeleton activities, but will not be discussed here (see Fisher and Eichinger, this issue).
Actin dynamics in aggregating cells, the slug stage and fruiting bodies
During all stages of development, the majority of filamentous actin localizes to a thin cortical area. Development in Dictyostelium is induced by the lack of nutrients, and within few hours, the cells undergo dramatic changes that affect both transcription and protein levels. One obvious change is the striking polarization of cells. The establishment of a front and rear end is accompanied by continuous polymerization and localized accumulation of actin at the front during chemotactic movement (see Fig. 1 ). The signaling cascades and regulators mediating polarization are detailed elsewhere in this special issue (see Pal et al.) .
During aggregation, about 100,000 polarized cells move chemotactically towards an aggregation center to form streams that finally build up a mound. Cells in mounds become more tightly packed by cell contacts and surrounded by a matrix, and Fig. 5. Macropinocytosis. (A,B) Images show two sets of recordings of a large cell of D. discoideum produced by electric-pulse induced fusion undergoing macropinocytosis. The cell expressed mRFP-LimED (red) to visualize filamentous actin, and PHcrac-sfGFP (green) as a marker for PIP3, and was recorded by confocal microscopy (Zeiss LSM 780) . Time is indicated in seconds. Bar, 10 mm. The complete series of events can be watched in Supp. Movie 3. The figure was kindly provided by Günther Gerisch and Mary Ecke (MPI for Biochemistry, Martinsried (Abe et al., 1994 , Dormann et al., 1996 , Siegert and Weijer, 1995 . cAMP has been suggested to play a role also at the later multicellular stages and have been recently revisited (Hashimura et al., 2019) . Although the actin system at the late developmental stages has not been visualized in detail, it is assumed that actin dynamics plays an important role for the morphogenetic cell movements.
The tip of slugs consists of prestalk cells that eventually die and build up the stalk. Imaging of slugs that were formed by cells which express RFP-actin in combination with GFP-cofilin, shows an enrichment of both labels in the slug tip (Fig. 6A) . Later on, when fruiting bodies have formed, both labels are enriched in the papilla and at the basal annulus of the spore head (Fig.  6B) , however the meaning of this enrichment requires further investigation.
Two-photon microscopy was used to visualize actin-dynamics at the slug stage ( Fig. 7A, and Supp. Movies 4 A-C). While the cells in the rear end and the middle part show collective forward migration, cells at the tip also move collectively, but in addition display a spiral wavy pattern of movement. Sentinel cells are specialized cells of the slug stage that are able to phagocytose Fig. 7. Two-photon microscopy of D. discoideum slugs. Migratory slugs derived from cells expressing GFP-filamin (green) (Roth et al., 2015) were prepared essentially as described (Darcy et al., 1994) , and recorded with a multi-photon Lavision Biotech microscope using the 840-nm wavelength excitation. (A) Recording of GFPfilamin labeled slugs (green) showing a circular movement in the front tip region (indicated by the curved arrow on the left side) (left), from the middle part of a slug (middle), and from the rear end (right). (B) The slugs were pre-labeled with 4 mg/ml ethidium bromide essentially as described (Chen et al., 2007) further on differentiate into prestalk and prestalk cells (Kay, 1992) . In addition, a few other cell types can be distinguished, such as anterior-like cells and a type of primitive immune cells, the sentinel cells (Chen et al., 2007 , Zhang et al., 2016 . Mounds can elongate into a more conus-like multicellular body, a slug, which is able to migrate phototactically. Finally, by further morphogenetic movements and cell differentiation, fruiting bodies are formed consisting of vacuolized stalk cells with cellulose walls, and numerous encapsulated spores in the head.
The multicellular stages of Dictyostelium enable exploration of the principles of collective movement. However, the Dictyostelium system has been exploited much less to study collective migration than for instance the lateral line organ of zebrafish (Haas and Gilmour, 2006, Olson and Nechiporuk, 2018) or border cells of the Drosophila egg chamber (Cai et al., 2016 , Cetera et al., 2014 .
Signaling waves and cellular B A B A Actin assembly in Dictyostelium 423 invading microbes (Chen et al., 2007) . Sentinel cells move collectively together with cells in the tip (Fig. 7B , and Supp. Movie 5), and are shed at the rear end.
Actin assemblies in spores and actin dynamics during spore germination
The formation of spores enables cells to survive harsh and unfavorable environmental conditions for years or even decades. In this stage, all metabolic and cellular activities are stalled, but are rapidly reactivated after rehydration even after very long resting periods. Fully differentiated spores are highly condensed and encapsulated by a complex cellulose coat, the spore case. Inside the spores, actin is condensed into tubular structures called actin rods that are present in the cytoplasm and the nucleus (Sameshima et al., 1994 , Sameshima et al., 2000 . Electron microscopy of actin rods revealed a hexagonal arrangement of the actin tubules (Sameshima et al., 2001) . Actin rods in spores are composed not only of actin, but also contain cofilin (Fig. 9A) ; other constituents have not been identified so far.
Spore germination can be divided into three sequential stages: activation of dormant spores, swelling of activated spores, and emergence of amoebae after longitudinal splitting of the spore case (Cotter and Raper, 1968) . During the swelling phase, actin rods start to disassemble which can be followed by visualization of GFP-cofilin. At the time amoebae hatch, filamentous actin forms a cortical layer beneath the plasma membrane that enables the formation of pseudopods ( Fig. 8, and Supp. Movie 6). Fig. 8 . Spore germination. Germination of spores generated from D. discoideum cells expressing GFP-cofilin. The hatching amoeba (indicated by the arrow) and the empty spore case (asterisk) were recorded using a confocal microscope (Zeiss LSM 510) . The numbers in the upper panel indicate time in seconds. Bar, 5 mm. The images correspond to Supp. Movie 6.
Fig. 9. Actin rods in spores, nuclei, and cytoplasm. (A)
Spores generated from D. discoideum cells expressing GFPcofilin and RFP-actin, were fixed with methanol -20°C for 15 min, washed and stained with DAPI. (B) Nuclear rods were induced in Dictyostelium cells by treatment with 10% DMSO for 30 min at room temperature. Cells were then fixed with methanol at -20°C for 15 min, and washed and stained with DAPI. (C) Cytoplasmic rods were induced by treating cells expressing GFP-cofilin and mRFP-actin with 10 mM sodium azide for 1 h at room temperature. Cells were fixed with methanol at -20°C for 15 min, washed and stained with DAPI. For experimental details see (Ishikawa-Ankerhold et al., 2017) . All images were taken by using confocal microscopy (Zeiss LSM 880). Scale bars, 5 mm.
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A In a time-lapse movie from 1963 generated for the German Institute for Scientific Film (IWF), Günther Gerisch already documented a very detailed description of the life history of Dictyostelium (https://doi.org/10.3203/IWF/C-876#t=01:09,03:30). The video, generated with the microscopic means available at that time, shows nicely the different stages of development including spore germination, phagocytosis, division of amoebae, cell aggregation, migration of slugs, and culmination up to the differentiation of spores.
Nuclear actin
The existence of actin in the nucleus has been debated for many years, but it is now generally accepted that actin also plays an important role in transcription by RNA polymerases I, II, and III, chromatin remodeling, DNA damage repair, and hnRNP (heterogeneous nuclear ribonucleoprotein) binding (Klages-Mundt et al., 2018) . Compared to our knowledge of actin dynamics in the cytoplasm, the knowledge of the molecular basis of actin and its functions in the nucleus is still incomplete. It took many years until the presence and activities of actin and actin-related proteins (Arps) in the nucleus were clarified. Work of the last decade has revealed the role of specific Arps for chromatin remodeling like for instance the INO80 complex (Kapoor and Shen, 2014) .
Studies on the D. discoideum actinome revealed the presence of eight different Arps (Joseph et al., 2008) . Four of them (Arp 4, 5, 6, and 8) localize to the nucleus (our unpublished work). Localization studies using either GFP-or Flag-tagged constructs identified these Arps inside nuclei. Consistent with data from other organisms, Arp8 together with actin and other proteins is a constituent of the chromatin-remodeling INO80 complex (our unpublished work) (Fig. 10) . Despite the elucidation of Arp functions in the nucleus, the nature of other supramolecular actin structures, and thus the mechanisms of nucleation or polymerization of nuclear actin are still fragmentary.
Actin assemblies induced by cellular stress: formation of actin rods in the nucleus and cytoplasm
Actin rods (also known as actin-cofilin rods) are aggregates consisting mainly of actin and cofilin that are formed in the cytoplasm or the nucleus as a result of cellular stress. Recent work suggested that the formation of actin rods is accompanied by a reduction in cellular energy consumption, which allows a cell to temporarily survive adverse conditions. Depending on the type of stress factors, actin rods can arise either inside the nucleus or in the cytoplasm (Fig. 9B,C) , and their formation is, at least to a certain degree, completely reversible. It is still unclear what exactly triggers the formation of rods, and what the underlying mechanisms of rod assembly and disassembly are. Furthermore, it is unknown to what extent nuclear and cytoplasmic rods resemble the actin rods found in spores.
Nuclear rods were first identified in Dictyostelium discoideum amoebae and in HeLa cells after treatment with high concentrations of dimethyl sulfoxide (DMSO) (Fukui, 1978 , Fukui and Katsumaru, 1979 , Fukui and Katsumaru, 1980 , Sanger et al., 1980 . Despite their description decades ago, nuclear actin rods have received little attention for many years, and have been regarded more as a morphological curiosity rather than serving a specific function. Work that focused on nuclear rods in Dictyostelium, examined the appearance, the stages of assembly, composition, stability, and dismantling of nuclear rods (Ishikawa-Ankerhold et al., 2017) . The intranuclear rods are composed, in addition to actin and cofilin, of a distinct set of other proteins comprising actin-interacting protein 1 (Aip1), coronin (CorA), filactin, and the 34 kDa actin-bundling protein B (AbpB). The constituent proteins are recruited in a finely tuned spatio-temporal pattern during the formation of rods. Aip1 is important for the final state of rod compaction indicating that Aip1 plays a major role in shaping the intranuclear rods. In the absence of both Aip1 and CorA, rods are not formed in the nucleus, suggesting that a sufficient supply of monomeric actin is necessary for the formation of rods (Ishikawa-Ankerhold et al., 2017) .
Cytoplasmic rods (Fig. 9C ) can be induced experimentally by sodium azide (Ishikawa-Ankerhold et al., 2017) , but have been observed also in response to a number of different stressors that affect the cellular metabolism (our work in progress). A plausible explanation is that actin rods are formed as a protective measure to reduce the consumption of ATP of the cell to promote its survival. A current working concept suggests that protein phase separation may be used by cells to regulate protein synthesis and to ensure adaptation to a broad range of stress situations (Kroschwald and Alberti, 2017) . De-mixing and the formation of quinary assemblies -in particular of actin -may provide an evolutionarily conserved mechanism for cells to adapt to and to survive extreme environmental situations.
In human cells, nuclear rods are linked to specific forms of myopathies and Huntington's disease, whereas the appearance of cytoplasmic rods is one of the early hallmarks of certain neurodegenerative diseases (Alzheimer's disease, Parkinson's disease, and ALS (amyotrophic lateral sclerosis)). However, currently little is known about specific factors that cause actin rod formation and how rod formation is modulated by physiological parameters. Dictyostelium may be used as an easily accessible system to investigate the basic principles and the physiological role of actin rod formation during different conditions of cellular stress. Fig. 10 . The actin-related protein Arp8 localizes to the nucleus. Live Dictyostelium cells expressing GFP-Arp8 (green) and RFP-histone-2B (red) were recorded by confocal microscopy (Zeiss LSM 510) together with the phase contrast. Merged image of the fluorescent labels is shown on the right. Bar, 10 mm.
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Concluding remarks
For many years, Dictyostelium discoideum has served as a valuable model to explore the actin cytoskeleton of non-muscle cells. It is without question that numerous tools now widely used in the actin cytoskeleton field have been developed using the simple model, and many of the pioneering results have promoted research in higher organisms. Despite the technical improvements and new microscopes, actin dynamics has not been studied to the same extent at all stages of development of Dictyostelium. In particular, the role of the actin cytoskeleton during the transition from a single cell to a multicellular organism and in multicellular cell movements is much less well explored.
Recent work on actin waves and macropinocytosis emphasize that research with Dictyostelium addresses cutting-edge topics. With great certainty, the use of Dictyostelium in future studies of actin cytoskeleton and cell migration research will provide further important insights that are relevant to eukaryotic cells in general.
